Objective: We examined the longitudinal effects of primary HIV infection (PHI) and responses to early antiretroviral therapy (ART) on the brain using high-field magnetic resonance spectroscopy (MRS).
Proton magnetic resonance spectroscopy ( 1 H-MRS) can detect dynamic cerebral metabolite changes indicative of inflammation and neuronal injury in individuals with HIV. [1] [2] [3] [4] [5] Biochemical cerebral metabolite evidence found in chronic HIV infection (CHI) are low N-acetylaspartate (NAA, a putative marker of neuronal health), high choline-containing metabolites (Cho, a marker of macrophage infiltration and inflammation), and high myo-inositol (MI, an astrocyte marker associated with astrocytosis, gliosis, and inflammation). 1, 4, 5 Low glutamate (Glu) is also reported in CHI with cognitive impairment and is thought to reflect neuronal and glial cell dysfunction. 6 Antiretroviral therapy (ART) offers limited reversibility 7, 8 even for CHI on stable long-term therapy, 9 suggesting that early HIV invasion of the CNS 10, 11 and accrued neuronal damage 12 may contribute to the substantial prevalence of HIV-associated neurocognitive disorders in the era of ART. 13,14 1 H-MRS studies during primary HIV infection (PHI, the first year after HIV transmission) describes inflammation with trends of elevated Cho/creatine-containing metabolites (Cr) and MI/Cr with potentially neurotoxic levels of Glx (combined glutamate and glutamine peak) 10, 15 ; this corresponds with neuropathologic immune activation previously reported in PHI.
To date, no 1 H-MRS study has examined the longitudinal effects of untreated early HIV in the brain, assessing for potentially deleterious effects that may be impacted by intervention with ART. Utilizing a 4T magnetic resonance (MR) scanner, we studied ART-naive PHI participants prospectively, hypothesizing increases in Cho/Cr and MI/Cr. In participants who initiated ART during follow-up, we predicted reduction in markers of inflammation and excitoxicity after treatment.
METHODS Study participants and design. Fifty-three PHI, 19 HIV-uninfected, and 18 CHI participants were recruited at the University of California San Francisco from 2005 to 2011. PHI was defined as recent infection within 12 months prior to enrollment, confirmed by the Serological Testing Algorithm for Recent HIV Seroconversion. 21 Estimation of HIV transmission date used standard methods. 22 CHI participants had a history of HIV diagnosis for at least 3 years. HIV-uninfected controls were matched to PHI for age, sex, and education level and recruited from the San Francisco community. Exclusion criteria included active neurologic illness, active usage of drugs of abuse, hepatitis B or C infection, and contraindications for MRI. MRS and laboratory data were collected at enrollment, 6 weeks, and every 6 months thereafter. ART start dates and regimens for PHI participants who initiated ART were recorded.
Standard protocol approvals, registrations, and patient consents. Study participant protocol was approved by UCSF and Yale institutional review boards. Written informed consent was obtained from all participants.
Magnetic resonance spectroscopy.
1 H-MRS examinations were performed on a Bruker (Billerica, MA) MedSpec 4T MR system with Siemens (Munich, Germany) Trio console in the Center for Imaging of Neurodegenerative Diseases at the San Francisco VA Medical Center. Short echo time (TE) singlevolume stimulated-echo acquisition mode spectra (repetition time/TE/TM 5 2,000/12/10 ms, spectral width 5 2,000 Hz, 128 scans, vector size 5 2,048 points, total time 5 4:16 minutes) for 4 volumes of interest (VOIs) were selected on sagittal magnetization-prepared rapid gradient echo (MPRAGE) and axial turbo spin-echo images corresponding to different tissue types: (1) ), maximizing gray matter by covering posterior cingulate (figure e-1 on the Neurology ® Web site at Neurology.org). Proper repositioning of VOIs for repeat MRS was ascertained by matching VOI positions on sagittal T1 MPRAGE and axial T2-weighted images to baseline imaging. MR acquisition and processing are described in further detail in prior reports 18, 23 (note absolute concentrations were not calculated in the current study). The MR signal was normalized with Cr as presented in prior 1 H-MRS studies. 1, 3, 8, 10, 24 MRS data processing. For each metabolite peak, area under the curve was determined using the SITOOLS software package, 25 which used a parametric model of known metabolites and modeled spectral components to fit all resonances and a nonparametric fit of the baseline. Metabolite areas were converted to metabolite ratios-Glu/Cr, MI/Cr, NAA/Cr, and Cho/Cr-to correct for imager and localization method differences and uncontrollable experimental conditions such as gain instabilities, and further avoided the need to correct for different contributions of CSF to the analyzed MRS volumes. Spectra were reviewed when any of the metabolite ratios was greater than 1.5 SDs from the mean within each group. Reviewers were blinded to which metabolite deviated from the mean and were instructed to ensure that the software model fit the spectra accurately. When the model deviated from the observed spectra, parameters were adjusted in the SITOOLS software to ensure an improved fit, and these data were used. Spectra were excluded when exhibiting poor signal-to-noise ratios or excessive water signal. Laboratory data. Specimen sampling, processing, and laboratory studies. CSF, blood, and standardized medical and neurologic assessments were obtained as previously described. Statistical analysis. Median follow-up times and times from enrollment to ART initiation were calculated via the KaplanMeier method. Baseline comparisons were made using the Kruskal-Wallis nonparametric test and the Fisher exact test. For 1 H-MRS, subject-specific metabolite signal areas from Glu, NAA, Cho, and MI relative to Cr areas were calculated for each VOI. Metabolite ratios between PHI, CHI, and HIVuninfected controls were cross-sectionally compared for each VOI with the Kruskal-Wallis test. For the longitudinal analysis, a 2-phase linear mixed model utilizing an unstructured covariance matrix compared changes in pre-ART and post-ART metabolite ratios. A linear response curve was fitted to the time period for measurements absent treatment (ART-naive) and a different linear response curve to the period after the start of treatment (ART-initiated) with the change in slopes reported as ARTinteraction. ART-naive and ART-initiated linear response curves were constrained to meet at the time of ART initiation (figure e-2). Starting values (intercepts) of the cerebral metabolite ratios were allowed to vary from participant to participant as were the linear slopes in the absence of treatment and after ART initiation. Statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC), STATA version 11.0 (StataCorp, College Station, TX), and graphics were generated by Graphpad (La Jolla, CA) Prism version 6.00. Of the 53 PHI participants enrolled in the study, only 5 had a history of ART, of median duration 22 days prior to scanning. In the CHI group, 13 participants were ART-naive, 4 had less than a 2-week history of ART, and 1 had a 4-month proximal history of ART. Significant differences between groups in CD41 T-cell count, CSF HIV RNA, and CSF leukocytes were identified in the baseline measures (table 1) . As compared to HIV-uninfected participants, participants with PHI had lower median values in CD41 T-cell count, measurable CSF HIV RNA, and higher CSF leukocytes. Fifty-three participants with PHI were followed longitudinally with a total of 154 scans over a median 6.0 months (IQR 0-26.4). ART was initiated independently from the study by 23 of the 53 PHI participants at a median of 6.4 months (IQR 3. Effects of ART on cerebral metabolite changes in PHI.
Treatment with ART was associated with an apparent elimination of prior positive slopes for Cho/Cr and MI/Cr (i.e., slopes became insignificantly different from 0). In frontal white matter, the ART-initiated Cho/Cr slope decreased to 0.00017/month (p 5 0.654) and ART-initiated MI/Cr slope decreased to 0.000797/month (p 5 0.578) (figure 2, A and B). In parietal gray matter, the ART-initiated MI/Cr slope decreased to 20.0011/month (p 5 0.219) ( figure 2C ). ART-interaction slopes trended toward significance for Cho/Cr and MI/Cr in frontal white DISCUSSION The presumed natural history of HIV neuropathogenesis is progressive inflammation in the CNS leading to clinical neurologic dysfunction. Our findings suggest that inflammation and gliosis, the presumed substrates of later neurologic injury, initially manifest during the first year of HIV infection and worsen during early infection in the absence of treatment. In addition, our findings suggest that initiation of ART can alter this trajectory such that markers of inflammatory changes are no longer increasing, possibly limiting the extent of neurologic injury.
Our cross-sectional findings of lower Cho/Cr and MI/Cr in parietal gray matter in PHI when compared to HIV-uninfected participants may initially be puzzling. However, these results are consistent with our current understanding of the natural history of HIV infection. Longitudinal SIV/macaque studies report an initial elevation of Cho/Cr in acute infection that is subsequently reduced during the transition from acute to primary infection. 27, 28 Studies with human participants show a similar progression with elevated Cho/Cr at 16-17 days postexposure 10 followed by lower Cho, 15 consistent with our results of lower Cho/Cr and MI/Cr months after exposure. A plausible biological mechanism for the low Cho/Cr and MI/Cr in PHI may be the result of reduced viral load after the acute phase 24 and concomitant reduced membrane turnover and gliosis related to immune stabilization.
Following the prospective ART-naive PHI cohort revealed increases in metabolite levels suggestive of progressive inflammation: Cho/Cr and MI/Cr increased in the frontal white matter and MI/Cr increased in the parietal gray matter. The effect of ART in PHI was assessed with longitudinal mixed linear models, revealing attenuation of increasing inflammatory cerebral metabolite ratios Cho/Cr and MI/Cr with initiation of therapy (figure 2). While effective in preventing the increase of inflammatory cerebral metabolites, no significant reduction in inflammation markers was detected after ART initiation. A recent acute infection study has identified elevations of Cho/Cr in the basal ganglia at 14 days postexposure and its subsequent reduction to control levels with 6 months of ART. 29 The reduction of basal ganglia Cho/Cr in that study may be related to the earlier initiation of ART than in our study. It is also possible that this is a region-specific observation, as the study also noted a Cho/Cr elevation in the occipital gray matter at baseline that was not reduced upon ART initiation. Our results suggest attenuation but not reversibility of Cho/Cr and MI/Cr in frontal white matter and parietal gray matter. Reversibility of Cho/Cr and MI/Cr may occur beyond follow-up, but this is unlikely as persistent neuroinflammation has been reported in chronic infection on stable ART. 9 An early infection study with 8 individuals scanned within months of initial HIV exposure reported low NAA in the frontal cortical gray matter as compared to seronegative controls. All individuals reported symptoms of acute HIV syndrome and 5 additionally reported severe headaches, numbness in extremities, and difficulty thinking clearly. 30 In predominantly less symptomatic acute infection studies, no significant differences in baseline NAA/Cr were identified, 10, 29 though this may be limited by sample size. Similarly, we report no significant differences in baseline NAA/Cr in PHI as compared to HIV-uninfected controls, but low NAA/Cr in parietal gray matter trended toward significance (p 5 0.064). Interestingly, we found increasing NAA/Cr in this brain region, which may suggest recovery after an initial drop in NAA/Cr that has been reported in acute infection in SIV 31 and early infection in humans. 30 Evidence for recovery of NAA/Cr is also reported in acute infection studies with increases (greatest in first months post infection) in NAA/Cr in frontal gray matter, frontal white matter, and occipital gray matter despite not detecting significant differences at baseline. 29 Furthermore, baseline NAA/Cr in basal ganglia was significantly elevated in Fiebig III/IV when compared to Fiebig I/II, 29 which provides additional context for a temporal relationship of recovering NAA/Cr. We detected increases of NAA/Cr in the ART-naive condition, which implies that NAA/Cr recovery in early infection may not be dependent on ART, and hypothesize that the lack of significance in ART-initiated slope can be attributable to the later timeframe rather than the effect of therapy.
In the basal ganglia, Glu/Cr was elevated prior to ART and significantly declined after initiation of therapy (figure 2E). Elevated Glu/Cr prior to ART is concerning for Glu excitotoxicity via excessive NMDA receptor stimulation by increasing Glu production and release from HIV-infected macrophages or microglia 32, 33 in addition to dysregulation of astrocyte glutamate reuptake. 34 Our data suggest that ART may control viral presence and limit Glu excitotoxicity. Alternatively, nucleoside analog reverse transcriptase inhibitors, which 21 of 23 participants received, are known to cause mitochondrial oxidative stress, 35 which may result in reduced Glu synthesis from the tricarboxylic acid (TCA) cycle. Diminished resting cerebral blood flow in the lenticular nucleus of 33 predominantly ART-treated participants in early HIV infection may further suggest reduced TCA cycle metabolism. 36 Although ART appears to limit Glu excess, mitochondrial toxicity may play a role and must be considered in early adoption of ART. Regardless of the mechanism of Glu reduction, the elevation of Glu/Cr in basal ganglia prior to ART may suggest utility of 1 H-MRS as initial screening for neuronal damage prior to NAA/Cr changes.
One limitation of our study is that we assessed metabolite-to-Cr ratios rather than absolute metabolite concentrations. Absolute cerebral metabolite concentration analysis may overcome possible confounds resulting from Cr level alterations in HIV infection or between subject groups. 37, 38 It is not known whether absolute concentrations of Cr may change during the early stages of infection, and thus characterization of absolute metabolites over time should be considered in future studies. Readers should note that baseline cross-sectional findings may be attributable to HIV and non-HIV influences. For example, despite matching, there is a nonsignificant but notable 4-year difference in median age between the PHI and HIV-cohort and significant age differences with CHI. Sufficient longitudinal HIV-uninfected control data were not obtained to compare to with PHI data, thus observed PHI trends cannot be conclusively stated to be the result of infection rather than a general process such as aging. Furthermore, due to the large number of statistical tests performed in this study, the evidence provided by this data need to be carefully weighed as p values were not adjusted for multiplicity, inflating the probability of false-positive type 1 errors. If adjusted for multiple comparisons, only our major findings of increasing MI/Cr in parietal gray matter prior to ART and its subsequent attenuation by ART remain significant. Despite these limitations, our study presents novel hypothesisgenerating data for ART-naive and ART-initiated longitudinal changes in 1 H-MRS cerebral metabolite markers in a large and well-characterized PHI cohort.
Our observations consistently show longitudinal increases of the inflammatory brain metabolite markers Cho/Cr and MI/Cr that suggest worsening inflammation during early untreated HIV. ART initiation during the first year of infection attenuated the increase of these inflammatory cerebral markers, but it did not appear to reverse them within the follow-up period. It is unknown whether after longer-term treatment and follow-up, ART initiated during early infection might reduce or eliminate inflammation, which has been observed in the setting of chronic, treated HIV infection. However, early diagnosis and adoption of ART is associated with low prevalence of neurocognitive impairment, providing further support for early intervention. 39 Our MRS-based observations suggest that early ART initiation may be advisable to prevent neurologic dysfunction by slowing and possibly halting HIV-associated neuropathology.
